We present an experimental investigation of the photorefractive properties of rhodium-doped barium calcium titanate (BCT) crystals of the congruent melting composition 
I. Introduction
Barium titanate is one of the most employed photorefractive materials. Its remarkable performances make it an indispensable crystal for numerous applications such as phase conjugation or dynamic intracavity holography. These applications approach now more and more an industrial development. Unfortunately, the BaTiO 3 possesses a phase transition near 5 °C, which induces a loss of its photorefractive properties and can even destroy it. To remedy this problem, Osnabrück's university suggested, some years ago, and realizes the growth of a crystal derived from BaTiO 3 , the Ba 0,77 Ca 0,23 TiO 3 (BCT) crystal in which this phase transition is thrown back below -100 °C [1] . This crystal is ferroelectric at room temperature and possesses the same symmetry group as BaTiO 3 (point group 4mm). The tensor of the electro-optic coefficients has thus the same structure as the one of barium titanate. The first results concerning this new crystal show that it has electro-optic coefficients of large values and high photorefractive gains in the visible region [2] [3] [4] [5] [6] [7] that are comparable to what was measured in BaTiO 3 .
BaTiO 3 is made sensitive in the infrared through rhodium doping. It has large self-pumped phase conjugated reflectivities and high two-beam coupling gains in this wavelength range [8 -10] . This is of special interest for many applications, for example, self-pumped phase conjugation in advanced laser systems [11, 12] or laser-beam cleanup via two-wave mixing [13] . The infrared sensitivity is caused by Rh 3+ and Rh
4+
, which absorb light with wide absorption bands centered at the wavelengths 650 nm and 780 nm, respectively [14, 15] .
The experiments made on rhodium-doped BCT crystals at 850 nm [16] , showed that it is sensitive in the infrared region. As the absorption bands extends until the technology significant wavelength of 1.06 µm, BCT:Rh should also be sensitive at this wavelength where laser sources of strong power exist.
The ability for rhodium-doped BCT to be a real alternative to BaTiO 3 :Rh depends on the properties of this new material. The goal of this study is to make the characterization of the photorefractive properties of the rhodium-doped barium calcium titanate (BCT) crystals at 1.06 µm.
These characterizations are made thanks to measurements of the variation of the photorefractive performances according to parameters such as the grating wave vector or the incident optical power.
The results are then compared with those predicted by the three-level charge transport model, two levels of rhodium (Rh 3+/4+
, Rh 4+/5+
) and one level of iron (Fe
), model of the photorefractive effect already developed in the laboratory and validated by measurements at 850 nm.
II. Structure of the studied crystals
BCT crystal belongs to the octahedral of oxygen ferroelectrics family. It remains in the quadratic phase between -120 °C (at least) and 98 °C [1] and at ambient temperature, it has a spontaneous polarization directed along the crystallographic c axis, the symmetry of the crystal in this phase is 4mm. The tensor of the electro-optic coefficients at ambient temperature thus has the same form as that of barium titanate, i.e. it comprises 3 non zero electro-optic coefficients which are r 13 = r 23 , r 33 and r 42 = r 51 . The first parameters measured on this crystal were the relative dielectric permittivities ε 11 = 1120 and ε 33 = 240 [1] and the electro-optic coefficients r 13 = 30 pm.V -1 and r 33 = 130 pm.V -1 [2] .
We studied the BCT crystals doped with rhodium with quantities going from 100 to 10000 ppm added in the melt in order to understand the influence of doping on the photorefractive properties of the crystal at 1.06 µm. These crystals have a blue-green color. Their typical dimensions are 2×4×(4=c). Figure 1 shows the absorption spectra of some of the studied crystals. We notice in this figure that the amplitude of the absorption band is proportional to the quantity of rhodium introduced into the crucible. It is also noted that the value of absorption stays very low for the wavelengths higher than 1 µm, with a maximum value of 0.11 cm -1 in the 10000 ppm doped sample.
III. Experimental set-up

III.1. Description of the experimental set-up
A two beam coupling characterization of a photorefractive crystals generally consists in a measurement of the variation of the photorefractive energy transfer gain as a function of the grating spacing and of the incident illumination, to which we can add a measure of the response time of the crystal as a function of these same parameters. These are the measurements we have performed, and we will now describe the experimental set-up and the procedure used to extract the gain from the energy transfer curves we acquire.
The main interest of the grating dependence of the gain is that it allows the determination of the effective trap density of the crystal through the determination of the position of the maximum of the dependence curve. To determine this maximum, it is now known [17] that it is better to perform two measurements; at low values of the grating spacing (i.e. with co-propagating beams) and, beyond the maximum, at large values of the grating spacing (i.e. with counter-propagating beams).
We thus implement two set-ups to allow both kind of measurement. They are shown in Fig. 2 . The beam of a Nd:YAG laser, emitting at 1.06µm (two lasers with a power of 600 mW and 2.5 W were used), is collimated and its power controlled by a half wave plate followed by a polarizer. It is splitted to form a signal and a pump beam that are sent to be incident on the same side (in the copropagating geometry) or on opposite sides (in the counter-propagating) of the photorefractive crystal. In both geometries the grating vector is oriented along the c-axis of the crystal. The signal beam is attenuated compared to the pump beam in order to be in the undepleted pump approximation and to work with low grating modulation. After the crystal, the signal beam is sent on a detector after some spatial filtering that allows to eliminate the scattering of the pump beam on defects of the crystal.
Due to the low absorption of the crystals and thus their low photoconductity, we had to focus the beam to increase the power density of the beams. The signal beam is focused in the crystal to have a small dimension beam, and the pump beam is focused a little after the crystal, in order to have a small dimension beam, that stays nevertheless larger than the signal beam to have a good overlap of the signal beam. This overlapping is easy to realize in the counter-propagating geometry where beams cross with a small angle. It is more problematic in the co-propagating geometry as it prevents the use of large angle between the beams and thus limits the available range of grating spacing.
Another problem with the focusing is the relative uncertainty in the determination of the power density incident on the photorefractive crystal, linked to the difficulty in the determination of the diameter of the pump beam. To determine this incident density of power, we use a power-meter to measure the power of the pump beam (much higher than that of the signal beam) in front of the crystal. We measure then the distance covered by the laser beam before and after each lens until it arrived at the entrance face of the crystal. We know the focal length of each lens used and the characteristics of the laser (diameter, position of the waist, divergence and the parameter M 2 of the laser). They are the data necessary to calculate the propagation of the laser beam and the expected radius r of the incident beam on crystal, by using an usual ABCD software. The density of power dP is given by (dP = P/S), with P the power and S (S = π r This focusing of the beam allows us to work with a small interaction zone of the crystal that can be supposed uniform and allows to minimize to a certain extent the effect of the not very good optical quality of some of the samples, that present striations and sometimes domains (Fig. 3) . This allows to performed reliable measurements in all the samples except in the 10000ppm crystal in the co-propagating geometry.
III.2. Measurement procedure
To make reliable measurements we use the following procedure ( Fig. 4) :
* we open the signal beam for a few seconds to measure its intensity * then we tur-off the signal beam and we put the pump beam on for a few seconds to measure the intensity of the pump beam scattered by the crystal defects * then we launch the signal beam and we measure the amplitude of the energy transfer after it reaches steady state. * the signal beam is then switched off and we measure the erasing of the grating by the pump beam.
In some measurements, we notice a small decrease of signal after it reaches "steady-state".
This problem has been attributed to some oscillation of the pump beam in the crystal [18] due to the large gain and low absorption that changes the illumination condition of the crystal during the measurement. To prevent this problem, we illuminate the crystal with the pump beam before each measurement for some minutes, in order for it to reach a steady state illumination condition. This precaution allows to obtain reliable measurement and stable energy transfer each time. Only remains some unpreventable spikes attributed to some vibrations of the set-up that move rapidly the illumination pattern in front of the slow index grating, destroying for a small instant the optimal condition for the energy transfer. Most of the time these spikes do not prevent the treatment of the curves.
The time evolution curves (Fig. 4 ) obtained with the described process allows to extract all the parameters we want to determine, i.e. the photorefractive gain and the response time, in several manners, that we will now describe.
III.3. Extraction of the gain and validation of the experimental process
To determine the photorefractive two wave mixing energy transfer gain we carry out two types of measurements, that should both give the same value of the photorefractive gain. On the one hand, we measure the attenuation (or the amplification) of the signal beam, which gives the photorefractive gain by the traditional expression:
where I s is the signal intensity without pump beam, I s+p is the signal intensity with pump beam, d is the length of interaction of the two beams and the ± sign depends if we are in attenuation or in amplification regime (to compare directly gain data with opposite signs).
On the other hand, we measure the erasure of the grating and the reduction in the amplitude , is high enough. The diffraction gain is then given by relation [19] :
where I d is the scattered pump intensity (supposed spatially incoherent), I diff is the diffracted pump intensity just when the signal is turned-off, I s is the signal intensity without pump beam and the ± signs depends if we are in the attenuation or in the amplification regime.
We can note here that we are in a pecular diffraction regime, that should be described by the two beam coupling model [19] . Indeed, we measure the diffraction of one of the writing beam. It is thus automatically at Bragg incidence, whatever its incidence and whatever its particular shape.
This measurement is thus not disturbed by an eventual distortion of the wavefront induced by the defects of the crystal, that can be observed in a four wave mixing set-up [20] .
From curves of kinetics of the photorefractive effect (Fig. 4) , we obtain two measurements of the same phenomenon Γ and Γ diff , which must thus give the same results, which is the case in general either in the amplification regime or in the attenuation regime (Fig. 5 ). This identity in both extraction of the gain, shows that the data obtained are really the expected photorefractive gain and that no other phenomenon such as induced absorption or absorption grating disturbs the measurement. This last point is confirmed by the fact that the measured gain is the same in the amplification and in the attenuation regime at the precision of the measurement (Fig. 6 ). The induced absorption phenomena and absorption grating are thus negligible in BCT at 1.06 µm, compared to the usual values of the photorefractive gain.
From the temporal curves (Fig. 4) , we can also measure the response time τ of the photorefractive crystal. As for the photorefractive gain we can extract it from the two kinetics curves at our disposition. For the energy transfer kinetics we can show [19] that, taking into account that the absorption of the crystal is very small and that the energy transfer gain stays moderate, the energy transfer establishment given by a simple exponential e -t/ τ variation giving directly the time constant of the crystal. For the erasure curve of the diffraction (that is preferred due to its better quality) the kinetics is adjusted by an exponential law of the form e -2t/ τ .
IV. Dependence of the photorefractive parameters with grating spacing and incident illumination
We will now evaluate the evolution of the different measured photorefractive data as a function of the set-up parameters. First we will measure the variation of the space charge field as a function of the incident illumination, that will give us the minimum incident power density necessary to saturate the photorefractive gain. Then once verified that the incident power is sufficient to saturate the photorefractive gain we will measure its evolution as a function of the grating spacing for ordinary and extraordinary polarization. Finally we will determine the intensity evolution of the response time.
IV.1. Intensity dependence of the space charge field
The dependence of the photorefractive gain with the grating wave vector and the incidental intensity comes from the space charge field which is described in the majority of the cases by the general formula [21, 22] :
with the photorefractive gain given by:
where ! k r = 4"nsin# /$ 0 is the grating wave vector, with θ the half-angle between the two beams inside the crystal. λ 0 is the wavelength, n is the refractive index, r eff is the effective electro-optic coefficient, E sc is the amplitude of the space charge field and (ê s .ê p ) the scalar product between the unit vectors parallel with the electric field of each beam. This scalar product (ê s .ê p ) depends only on polarization and takes values 1 or cos(2θ) according to whether the light is ordinary or extraordinary polarized. In the performed experiments, we have cos(2θ)≈1 when co-propagating waves are used and cos(2θ)=-1 for counter-propagating waves, this term was thus simply taken into account by changing the sign of the measured counter-propagating gain (with extraordinary polarized beams) with respect to the co-propagating gain.
In the expression of the space charge field (3), η(I) is given in a first approximation by the usual expression:
that expresses the saturation of the gain with the intensity. It is connected physically to a competition between the thermal excitation and the optical excitation.
The second term dependent on the intensity in the equation (3) is the Debye wave number k 0 which is expressed as a function of the effective trap density N eff as:
where ε eff is the effective dielectric constant. The effective trap density informs us about the charge quantity available to take part for the photorefractive effect. It is made up of the involuntary impurities present in the crystal if it was not doped, and/or of the doping agents added at the time of growth. The dependence of this density with the intensity is due to a redistribution of the charge which can possibly take place between various photorefractive species. The importance of this intensity dependence is generally smaller and less direct than that of the thermal excitation. The experimental data are then adjusted with the expression
with ! " # that represents the gain at saturation, and I sat the saturation intensity (i.e. the intensity for which the gain is divided by 2).
The experimental curves with the adjusted curves are shown in Fig. 7 , for the different studied samples, and the parameters of the fit by equation (7) are shown in Table 1 .
The results presented in Table 1 show a value of the saturation of the intensity of the order of 0.8 W.cm -2 , without a clear variation with the dopant concentration. This value is slightly higher than the value measured at the same wavelength in rhodium doped BaTiO 3 (0.3W.cm -2 [18] ) but keeps the same order of magnitude. This value is almost one order of magnitude higher than the one measured in the same samples at 850 nm [16] , indicating a lower photoconductivity at 1.06 µm than at 850 nm (in proportion of the decrease of the absorption). The measurements also indicate that the saturation gain increases with this concentration indicating an increase of the effective trap density (as we use counter-propagating beams). This last point will be discussed in more detail later.
IV.2. Variation of the photorefractive gain as a function of the grating wave number
Measurements of the dependence of the photorefractive gain with the grating wave vector are traditional to determine the electro-optic coefficients and the effective trap density of a crystal.
This measurement is performed at saturation with intensity and we study the dependence of the photorefractive gain with the grating wave vector while varying the angle between the two incident beams. The two beams have symmetrical angles of incidence compared to the normal with the input face, which means that the grating wave vector is parallel to the c axis.
Two types of measurements are carried out. On one hand, by using the set-up presented on (3)). The addition of measurements in the co-propagating and counter-propagating configurations is enough to precisely determine the effective trap density [17] , using an adjustment of the combined experimental data with the function:
where 
with an angle dependence of ! r e eff that is taken into account and written as a function of the grating wave number. In the counter-propagating configuration, the beams propagate along the c-axis, and both polarization are in fact ordinary and then Table 2 . Among the different samples, there is one exception, with the 10000 ppm doped sample in which no data for co-propagating beams could be obtained (as discussed previously). In order to nevertheless estimate the value of the effective trap density in this sample, we consider that the electro-optic coefficient of this crystal is known with a value equal to the average of the values measured in the other samples.
The average value of the r 13 coefficient is around 30 pm.V -1
, whereas it is around 80 pm.V -1 , except for the smaller value of the second 1000 ppm doped sample, perhaps because of experimental problems due to the quality of the crystal. This value of r 13 is higher than the one measured at 850 nm in the same samples [16] (see [23] for notations). Concerning the effective trap density, it is almost constant at low value of the doping concentration and increases above 2000 ppm doping concentration. Only the 100 ppm sample diverges from this evolution. We attributed this different behaviour to the fact that this sample was grown some years ago and that the concentration of compensating traps that assure charge equilibrium (and control effective trap density) may have change since then, due to change in growth conditions.
IV.3. Response time
The response time τ of a photorefractive crystal is an essential parameter when applications of a photorefractive crystal are considered. It depends on the grating wave vector and is primarily inversely proportional to the total incident illumination on the crystal. For technical reason discussed above (cf. § III.1), we were not able to have a measurement as a function of the grating wave number with the used set-up. We thus limit our measurement to the evolution of τ as a function of the power density of the pump beam (Fig. 9) .
For the simplest model of the charge transport, the response time expresses as [24] :
where α p is the absorption coefficient related to the mechanism of photo-excitation of the majority charge carriers (holes in the case of the BCT crystals), ! " p 2 = e /k B T ( )# p N 0 /µ p is the square of the inverse of the diffusion length of the holes, γ p is the recombination coefficient, µ p is the mobility of the holes and the coefficient A p is given by:
where β p is the thermal emission coefficient and S p the photoionisation cross section of holes. For this model of charge transport, the response time is inversely proportional to the conductivity of the crystal, i.e. the sum of dark conductivity and photoconductivity. The latter is related to I and the former to thermal emission of charges. We thus made adjustment of the experimental data using the following general expression for the response time:
with τ d the response time in the dark, b is a constant and I is the incident intensity. More complete expressions with non linear behaviour of photoconductivity (variation as a function of I x ) have also been used but they have not brought better adjustment, and have thus been abandonned.
The adjustments are correct and show the saturation of the response time at low power due to the dark time constant. The influence of this dark time constant is the same than for the intensity dependence of the photorefractive gain. We observe that the variation becomes linear (τ<τ d ) above
, a value that corresponds to the one measured for I sat . The parameters of the adjustment curves for the different samples are shown in Table 3 (Fig. 9) . Due to the problems of calibration of the intensity the determined value of b is not reliable, for this experiment.
Concerning the absolute value of response time, we obtain response times smaller that 1s for all the samples at an incident power density of about 10 W.cm -2 . This value is quite rapid. It is of the same order of magnitude than the value found in Rh doped BaTiO 3 [12] , if we take into account the different experimental conditions in the two measurements (different grating spacing, different doping, …).
IV.4. Discussion
The results obtained in BCT at the wavelength of 1.06µm are very similar to the ones previously published for the wavelength of 850 nm [16, 25, 26] . We measure an increase of the effective trap density with doping concentration above 2000ppm. Besides, we see a small tendency towards the decrease of the saturation intensity with increasing concentration, with absolute values, which are about one order of magnitude larger than at 850 nm. This last behaviour is linked to the lower absorption (and thus the lower photoconductivity) at 1.06 µm. We will now compare the experimental results with the theoretical curves calculated using the model developed to explain the photorefractive effect in BCT:Rh at 850 nm [16] .
V. Charge transport in the BCT:Rh crystals
The modelization of the charge transport is essential to understand the phenomena responsible for the photorefractive effect in the crystal and to make the optimization of the growth of the desired crystal. To make this modelization in the BCT:Rh crystals at 1.06 µm, we will use the charge transport model developed to explain the experimental results obtained at the wavelength of 850 nm [16] , adapting the wavelength dependent parameters to the new wavelength.
V.1. Description of the model
The three-center charge transport model used to explain the photorefractive behaviour of BCT:Rh at 850nm, uses two levels of rhodium (Rh The charge transport equations [16] are simultaneously solved numerically in the steady state and we calculate the dependence of the photorefractive gain with the grating wave vector and the intensity of the pump beam in order to compare these calculated curves with the experimental results.
V.2. Initial set of parameters and numerical simulations
Among all the parameters that will influence the photorefractive gain, only the photoionizations cross-sections will vary with the wavelength. All the others parameters, should be the same at 1.06µm and at 850nm. We thus use as an initial set of parameters the one determined at that wavelength [16] (Table 4 ). The adjustment to the experimental data is then performed, by the only adjustment of the photoionization cross-sections of rhodium and iron. These cross sections may have an influence on the effective trap density through illumination dependent charge redistribution in the different levels. They will also influence the saturation intensity and more directly the absorption of the crystal. The approximations made here are the same than the ones done at 850nm, i.e. that the compensation density N ad is regarded as a constant in all the crystals whatever the rhodium concentration. A departure from this assumption may explain the different effective trap density observed in the 100ppm sample, as N ad has a direct influence on this parameter, and knowing that this compensation may vary slightly with the growth condition especially in samples grown several years apart, such as the 100ppm sample compared to others samples. As for 850nm, the high saturation intensity is linked to the high value of the thermal ionization rate β F , associated here with an even lower photoionization cross-sections of holes due to the larger wavelength.
The determined set of parameters is certainly not unique (such as the one obtained at 850nm from which it is derived). But the fact that a good accordance can be obtained, changing only the wavelength dependent parameters, confirms that this set of parameters is certainly not far from the real one. The obtained values for the absorption correspond to those measured ( Table 5 ). The variation of the saturation intensity (Fig. 11 ) is more clear than the observed one but its amplitude is nevertheless smaller than one order of magnitude and stays comparable to the observed one if we take into account the rather limited accuracy of our measurement of these parameters.
Concerning, the grating spacing dependency, the effective electro-optic coefficient, is supposed to be a constant and the same in all the samples in the simulations. The experimental variation observed for the different samples was attributed to some phenomenon (crystal quality, depolarization, …) independent of the charge transport in the sample. We thus used for the adjustment of the experimental curves a value of the photorefractive gain normalized to the value of effective electro-optic coefficient determined by the adjustment. Then the only parameters that governs the variation with the grating wavenumber is the effective trap density. The results of the adjustments are shown in Fig. 12 , and we have a reasonable accordance between the experimental data and the calculated curves (except for the 100 ppm sample as explained above). We see clearly that the rhodium doping concentration influences the effective trap density (and thus the gain in the counter-propagating regime) only above 2000 ppm. This behaviour is, as at 850 nm, due to the large concentration of residual iron that inserts in BCT during the growth [16] .
VI. Conclusion
The sensitivity of rhodium doped BCT in the infrared makes this crystal a good alternative The points correspond to the experiments and the curves to the simulation. 
